Distinguishing primary mucinous ovarian cancers from ovarian metastases of digestive organ cancers is often challenging. Dipeptidase 1 was selected as the candidate novel marker of colorectal cancer based on an analysis of a gene expression microarray. Immunohistochemical analysis indicated that 13/16 ovarian metastases of colorectal cancers, but only 1/58 primary mucinous ovarian cancers, were dipeptidase 1-positive (threshold;^25% expression, Po0.0001). Next, five immunohistochemical markers (dipeptidase 1, estrogen receptor-a, cytokeratin 7, cytokeratin 20, and caudal type homeobox 2) were analyzed in combination. In a hierarchical clustering analysis, the mutually exclusive expression of cytokeratin 7 and dipeptidase 1 specifically identified the ovarian metastases of colorectal cancers (Po0.0001). In a decision tree analysis, cytokeratin 7, caudal type homeobox 2, and dipeptidase 1 classified primary mucinous ovarian cancers and ovarian metastases of digestive organ cancers with 90% accuracy. Finally, the five immunohistochemical markers were combined with six preoperative factors (patient's age, tumor size, laterality, serum CEA, CA19-9, and CA125) and combinations were analyzed. Of the 11 factors, 4 (dipeptidase 1, cytokeratin 7, caudal type homeobox 2, and tumor size) were used to generate a decision tree to classify primary mucinous ovarian cancers and metastases of digestive organ cancers with 93% accuracy. In conclusion, we identified a novel immunohistochemical marker, dipeptidase 1, to distinguish primary mucinous ovarian cancers from ovarian metastasis of colorectal cancers. The algorithm using immunohistochemical and clinical factors to distinguish metastases of digestive organ cancers from primary mucinous ovarian cancers will be useful to establish a protocol for the diagnosis of ovarian metastasis. Modern Pathology (2011) 24, 267-276; doi:10.1038/modpathol.2010; published online 12 November 2010 Keywords: differential diagnosis; dipeptidase 1(DPEP1); metastasis; mucinous adenocarcinoma; ovary
The ovary is a common site of metastasis, 1 and in many cases, there is a known history of primary tumors outside the ovary. However, ovarian masses are sometimes found in patients with no known history of malignancy and the primary tumor is not diagnosed until some time later. The morphology of a metastatic tumor in the ovary can mimic a primary ovarian tumor by a so-called maturation phenomenon. 2 A majority of the tumors exhibit cystic pattern when they metastasize to the ovary, whereas primary tumor in the original site is not cystic at all. Furthermore, many metastatic mucinous adenocarcinomas, especially from digestive organ cancers, contain a mixture of mucinous epithelium with a range of atypia, resembling primary mucinous carcinomas or borderline tumors. Many metastatic mucinous carcinomas of the ovary have been and continue to be misdiagnosed as primary ovarian mucinous adenocarcinomas.
In problematic cases, the diagnosis has been made by integrating clinical, radiological, serological, and pathological features. 4 Recently, immunohistochemistry, especially cytokeratin 7 (CK7) and cytokeratin 20 (CK20) staining, has been widely used to distinguish primary from secondary ovarian tumors. 5, 6 Although immunohistochemistry has been useful in diagnosis of some cases, current immunohistochemical markers are not sufficient to diagnose all secondary ovarian tumors. 7 Therefore, further investigation of immunohistochemical markers is required.
In this study, we utilized genome-wide gene expression analysis to identify a novel molecular marker, dipeptidase 1 (DPEP1). We also developed an algorithm to distinguish primary mucinous ovarian tumors from ovarian metastases of digestive organ cancers. This study will be useful to establish a protocol to improve the diagnosis of ovarian metastasis in problematic cases.
Materials and methods

Tissue Samples
We collected formalin-fixed and paraffin-embedded tissue sections of primary ovarian mucinous tumors and secondary ovarian carcinomas operated between 1985 and 2008 at Kyoto University Hospital, Shinshu University Hospital, and Otsu Red Cross Hospital (104, 10, and 18 samples, respectively). We received written consent from each patient and approval by the ethics committee of each institute. In this study, only the cases with clinically evident primary sites were used. Tumors were classified as metastatic when they exhibited the same morphologic features as primary site. A total of 122 tumor samples, 86 from primary mucinous ovarian tumors and 36 from metastatic ovarian tumors (Table 1) , were used for the following analyses.
Microarray Data Set
Microarray data (GSE2109) was obtained from the Gene Expression Omnibus (GEO) website (http:// www.ncbi.nlm.nih.gov/geo/). This data set contains 247 epithelial ovarian cancers and 394 colorectal adenocarcinomas arrayed on the Affymetrix U133 plus 2 GeneChip.
Immunohistochemistry
Immunohistochemical stains were performed using the streptavidin-biotin-peroxidase method. Samples were deparaffinized and antigen retrieval was performed as indicated below. For CK20, estrogen receptor-a (ER), and caudal type homeobox 2 (CDX2) staining, the samples were boiled in 10 mM citrate buffer, pH 6.0, for 20 min (CK20 and ER) or 10 min (CDX2). For CK7 staining, the samples were incubated for 20 min at 37 1C with pepsin (Dako, Glostrup, Denmark). For DPEP1 staining, the samples were heated at 98 1C for 15 min in Dako solution. To block endogenous peroxidase activity, 100% methanol containing 0.3% H 2 O 2 was added for 15 min. Nonspecific binding of IgG was blocked using normal rabbit (for CK20, CK7, ER, and CDX2) or goat serum (for DPEP1) (Nichirei, Tokyo, Japan). The sections were incubated overnight at 4 1C with the following antibodies: CK20; clone Ks20.8 (Novocastra, New Castle, UK; ready-to-use), CK7; clone OV-TL 12/30 (DAKO; ready-to-use), ER; clone 6F11 (DS Pharma Biomedical, Japan, 1:40), CDX2; clone CDX2-88 (Biogenex, San Ramon, CA, USA; ready-touse), and DPEP1; HPA012783 (Sigma-Aldrich, St Louis, MO, USA; 1:50). Next, sections were incubated with biotinylated anti-mouse (for CK20, CK7, ER, and CDX2) or anti-rabbit (DPEP1) secondary antibodies (Nichirei). Subsequently, sections were incubated with streptavidin-peroxidase complex solution for 30 min. Signals were generated by incubation with 3,3 0 -diaminobenzidine. Finally, the sections were counterstained with hematoxylin.
Hierarchical Clustering
Hierarchical clustering was performed using Cluster 3.0 software (http://rana.lbl.gov/EisenSoftware.htm). The green-black-red heatmap was drawn by Java TreeView 1.1.2 (http://jtreeview.sourceforge.net/). The blue-yellow-red heatmap was drawn by R 2.8.1 (http://www.R-project.org.).
Decision Tree Analyses
The WEKA data mining software was downloaded from http://www.cs.waikato.ac.nz/~ml/index.html. For the decision tree analyses, the WEKA J48 tree classifier was used. Table 1 ). Therefore, this gene list was expected to include novel marker genes that could be used to discriminate primary from secondary ovarian cancers. DPEP1, which is reported to be expressed in colorectal cancer, 17, 18 was among the genes identified ( Figure 2 ).
We next determined if DPEP1 protein expression could be used to distinguish primary mucinous ovarian carcinomas (including borderline tumors) from ovarian metastases of colorectal cancers. DPEP1 expression was localized to the brush border ( Figure 1b ) and was observed in varying percentages of tumor cells in different samples. We quantified the percentage of positive cells in each sample. The majority of metastatic colorectal cancer samples contained 425% DPEP-1-positive cells (13/16), whereas nearly all primary mucinous ovarian carcinomas samples contained o25% DPEP-1-positive cells (1/58; Po0.0001, Fisher's exact test; Figure  1c ). These results indicate that DPEP1 may be useful as an immunohistochemical marker to distinguish primary from secondary mucinous ovarian carcinoma.
Combined Analysis Using Multiple Immunohistochemical Markers
Expression levels of CK7, ER, CK20, and CDX2 were analyzed by immunohistochemistry. ER and CDX2 were found in the nucleus, whereas CK7 and CK20 were found in the cytoplasm (Figure 2a and b). Most samples had heterogeneous protein expression. In each sample, we quantified the percentage of tumor cells positive for each protein. In preliminary analyses, the best threshold of the percentage of expression of positive cells to distinguish primary from secondary ovarian cancers varied from protein to protein (data not shown). Therefore, we utilized the actual percent expression rather than determining arbitrary thresholds in the subsequent analyses. We performed a hierarchical clustering analysis to examine the associations between the five molecules. Notably, ovarian metastases of colorectal cancers were distinguished from other tumors by the mutually exclusive expression of CK7 and DPEP1 (Po0.0001, Fisher's exact test; Figure 2c ). Ovarian metastases of non-colorectal digestive organ cancers exhibited modest expression of CK7, CK20, and CK20. Ovarian metastases of breast cancer were distinguished from other metastases by abundant ER and CK7 expression and lack of CK20, CDX2, and DPEP1 expression. DPEP1 was negatively correlated with CK7 (r ¼ À0.66, Po0.0001, Pearson's correlation) and positively correlated with CK20 (r ¼ 0.26, P ¼ 0.0037) and CDX2 (r ¼ 0.49, Po0.0001).
Next, we generated dot plot graphs for the percent expression of each protein in each tumor type (Figure 2d ). The percent positivity was different among groups (ER, P ¼ 0.0017; others, Po0.0001, Kruskal-Wallis test). The ovarian metastases of colorectal cancers showed the least prevalent expression of CK7 and the most abundant expression of CK20, CDX2, and DPEP1. The ovarian metastases of non-colorectal digestive organ cancers had expression similar to but less striking than the metastases of colorectal cancers. A comparison of primary mucinous ovarian carcinomas (including borderline tumors) and metastases of digestive organ cancers (colorectal plus non colorectal) indicated that CK7 expression was more abundant in primary mucinous ovarian carcinomas, whereas CK20, CDX2, and DPEP1 expression was more abundant in metastases of digestive organ cancers (Figure 3b ; CK7, CDX2, and DPEP1, Po0.0001; CK20, P ¼ 0.0003, Mann-Whitney U test). ER expression tended to be more abundant in primary mucinous ovarian carcinomas than the metastases of digestive organ cancers, but the difference was not statistically significant (P ¼ 0.11).
Given the distinct immunohistochemical patterns in ovarian metastases of colorectal cancers and the modest but the similar pattern in metastases of noncolorectal digestive organ cancers, a combination of the immunohistochemical markers was expected to distinguish primary mucinous ovarian carcinomas (including borderline tumors) from metastases of digestive organ cancer. The Weka J48 software determines a decision tree that best discriminates between different groups using the minimum number of factors. Among the five molecules, three (CDX2, CK7, and DPEP1) were selected to draw a decision tree (Figure 2e ) with the net accuracy of 90% (81/90). In all, 97% (56/58) of the primary mucinous ovarian carcinomas and 100% (16/16) of the ovarian metastases of colorectal cancers were Diagnosis of ovarian metastasis T Okamoto et al correctly discriminated. Among the ovarian metastases of non-colorectal digestive organ cancers, the accuracy was 56% (9/16).
Combined Analysis Using Immunohistochemical Markers and Preoperative Clinical Information
The preoperative clinical information was added to improve the accuracy with which primary mucinous ovarian carcinomas (including borderline tumors) were distinguished from ovarian metastases of digestive organ cancers. The patient's age at the date of surgery was significantly different (P ¼ 0.032, Kruskal-Wallis test) between the groups (Figure 3a) . The patient's age of the metastatic digestive organ cancers was significantly higher than that of primary mucinous ovarian carcinomas (median age: 57 vs 46.5 years old, P ¼ 0.0027, Mann-Whitney U test). The longest diameters of the tumors were significantly different between the groups (P ¼ 0.0003). Tumor sizes of ovarian metastases of digestive organ cancers were significantly smaller than that of primary mucinous ovarian carcinomas (Figure 3a ; median size: 10 vs 15 cm, Po0.0001). The percentage of bilateral tumors was significantly higher in ovarian metastases of digestive organ cancers than in primary mucinous ovarian carcinomas (Figure 3a ; 35 vs 14%, P ¼ 0.020). Seidman et al 3 previously reported that laterality and tumor size correctly classified 90% of the primary and secondary ovarian cancers. In our data set, Seidman's rule identified primary mucinous ovarian carcinomas and ovarian metastases of digestive organ cancers with the accuracy of 71% (62/87).
We next examined the preoperative serum concentration of CEA, CA19-9, and CA125. Each was different among the groups (Figure 3b ; CEA, Po0.0001; CA19-9, P ¼ 0.0010; and CA125, P ¼ 0.0002, Kruskal-Wallis test). Comparison of ovarian metastases of digestive organ cancers and Figure 2 For caption see next page.
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Finally, we employed all factors analyzed in this study (immunohistochemical expression of five protein markers, three clinical features (Figure 3a) , and three serum biomarkers (Figure 3b) ) to draw a decision tree. Among the 11 factors, 4 (CDX2, CK7, DPEP1, and tumor size) were used to draw a tree that best discriminates between primary mucinous ovarian carcinomas and ovarian metastases of digestive organ cancers with the net accuracy of 93% (84/90; Figure 3c ). , and DPEP1 were selected to draw the decision tree. 'Primary mucinous ovarian carcinomas (52/59)' indicates that 52 samples were primary mucinous ovarian carcinomas among the 59 samples classified. The numbers on the connecting lines indicate percent positivity. (e) Decision tree using immunohistochemical data for five proteins, among which three factors (CDX2, CK7 and DPEP) were selected to draw the decision trees.
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Discussion
The distinction of primary mucinous ovarian cancers from ovarian metastasis of digestive organ cancers is often difficult. Features common among primary ovarian mucinous neoplasms include unilaterality, size 4150 mm, smooth capsule, and lack of extraovarian spread. In addition, primary ovarian mucinous carcinomas are often accompanied by borderline mucinous tumors. Confluent glandular or expansile invasion is observed in many cases and destructive stromal invasion may also be detected. On the other hand, features common among metastatic mucinous adenocarcinomas of the ovary include bilaterality, small size, surface involvement, nodular involvement, and destructive 
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T Okamoto et al stromal invasion. 3, 4, 19, 20 Unfortunately, in many cases, the diagnosis is not straightforward because many morphological features are shared by primary and secondary ovarian tumors. 7 The aim of this research was to develop a protocol to more accurately distinguish primary mucinous ovarian cancer from ovarian metastasis of digestive organ cancer, including colorectal and non-colorectal cancer.
We first sought a novel molecular marker of metastatic ovarian cancer using microarray analysis. A list of genes differentially expressed in epithelial ovarian cancers and colorectal cancers, one of the most common metastatic tumors to involve the ovary, 7 contained several genes encoding molecular markers known to distinguish primary from secondary ovarian neoplasms (Figure 1a , Supplementary Table 1 ). Thus, we expected that the list of differentially expressed genes might include novel immunohistochemical markers. Among them, we selected and investigated DPEP1 as a candidate marker because specific antibody was commercially available and its expression pattern in colorectal cancer is known. 17, 18 DPEP1 is a zinc-dependent metallopeptidase that hydrolyzes a variety of dipeptides and is involved in glutathione metabolism. 21 As expected, positive DPEP1 expression was strongly associated with ovarian metastases of colorectal cancer (Figure 1c) . Particularly, its high specificity (98%, 57/58, Figure 1c ) to ovarian metastases of colorectal cancer suggests its clinical usefulness as the immunohistochemical marker.
Immunohistochemical expression of CK7, CK20, ER, and CDX2 has been used to distinguish primary from secondary ovarian cancers. 8, 9, 22 To evaluate the accuracy that the positivity of each marker predicts primary mucinous ovarian cancer vs ovarian metastasis of digestive organ cancer, we calculated the cutoff value by ROC curve. Each cutoff value of CK7, CK20, CDX2, and DPEP1 classified our cases in the accuracy of 76, 64, 83, and 81%, respectively (Supplementary Figure 1) . As CK7 and CK20 stainings are most commonly used for the identification of primary and metastatic tumors, we also calculated the accuracy by the combination of CK7/ CK20 staining, which classified primary mucinous ovarian carcinomas and ovarian metastases of digestive organ cancers with only 82% accuracy in our cases (Supplementary Figure 2) . In order to compare DPEP1 with the commonly used markers and to develop an algorithm using multiple markers, we conducted a combined analysis. Hierarchical clustering has commonly been used to analyze DNA microarray data. More recently, studies of protein expression, including ours, have taken advantage of this method. 23, 24 The hierarchical clustering detected the mutually exclusive pattern of CK7 and DPEP1 (Figure 2c ). Therefore, a combination of CK7 and DPEP1 staining is expected to distinguish ovarian metastases of colorectal cancers from primary mucinous ovarian carcinomas very accurately. Contrary to the case of colorectal cancers, it is known that CK7, CK20, and CDX2 are not useful as markers to distinguish primary mucinous ovarian carcinomas from ovarian metastases of non-colorectal digestive organ cancers. 8, 22 However, few reports have tested their utility in combination. Therefore, we conducted an analysis by combining multiple immunohistochemical markers. The Weka J48 software, which determines a decision tree that best discriminates between different groups using the minimum number of factors, selected CDX2, CK7, and DPEP1 to draw a decision tree (Figure 2e ) with the net accuracy of 90% (81/90). Using this method, 97% (56/58) of the primary mucinous ovarian carcinomas and 100% (16/16) of the ovarian metastases of colorectal cancers were correctly discriminated. Among the ovarian metastases of non-colorectal digestive organ cancers, the accuracy was 56% (9/16).The fact that DPEP1 expression was included in the decision tree ( Figure 2e) indicates that DPEP1 expression provides unique information that was useful to improve prediction.
Recently, clinical information has been re-evaluated to distinguish primary mucinous ovarian carcinoma from ovarian metastasis of digestive organ cancers. Seidman et al 3 classified primary and secondary ovarian neoplasms with 90% accuracy based on tumor laterality and size. Although smaller, bilateral tumors were significantly associated with ovarian metastasis of digestive organ cancers in our data set (Figure 3a) , the algorithm of Seidman et al 3 classified primary and secondary tumors with an accuracy of only 71% in our cases. The modified size criteria of Yemelyanova et al 25 classified our cases with only 71% accuracy. In addition to tumor size and laterality, increased age ( Figure 3a ) and preoperative serum CEA (Figure 3b ) were significantly associated with ovarian metastasis of digestive organ cancers, consistent with a previous report. 26 To develop a decision tree that more accurately distinguishes primary mucinous ovarian carcinomas from ovarian metastasis of digestive organ cancers, we next attempted to combine all the preoperative clinical information and immunohistochemical data. Of the six preoperative factors (Figure 3a and b) , only 'tumor size' contributed to the decision tree (Figure 3c ), indicating that immunohistochemical markers are necessary in problematic cases. Notably, DPEP1 was included in the decision tree, again verifying the importance of DPEP1 as the immunohistochemical marker. After all criteria were considered, CDX2, CK7, DPEP1, and tumor size were used to draw a tree that best discriminates primary mucinous ovarian carcinomas from ovarian metastasis of digestive organ cancers with a net accuracy of 93% (84/90; Figure 3c ). We also assessed the accuracy of the Weka J48 tree model by a cross-validation. The accuracy was 83% when all the 11 factors (5 immunohistochemical and 6 clinical factors) were used. When the five immunohistochemical markers were used, the accuracy was 81%. When just CK7 and CK20 were used, the accuracy was only 70%. Then, when Seidman's factors (tumor size and laterality) were used, the accuracy was only 67%. Therefore, the cross-validation analysis of the tree model again indicated the accuracy of the prediction by using multiple factors.
In conclusion, using gene expression microarray analysis, we found a novel immunohistochemical marker, DPEP1, which specifically detects metastatic colorectal cancer samples. We also developed an algorithm to distinguish primary mucinous ovarian carcinomas from ovarian metastasis of digestive organ cancers using clinical information and immunohistochemical markers, including DPEP1. This study will be useful to improve the problematic diagnosis of mucinous ovarian cancers and ovarian metastasis from digestive organ cancers. Unfortunately, the accuracy with which primary mucinous ovarian carcinomas were distinguished from ovarian metastasis of digestive organ cancers was not 100%, even when all the factors were used. Especially, distinction of primary mucinous ovarian carcinomas from ovarian metastases of noncolorectal digestive organ cancers is clinically important. For this purpose, it is necessary to identify specific immunohistochemical markers distinguishing them. Gene expression microarray analysis, like that we used to identify DPEP1, should be useful to identify such markers.
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